Alterations in glutamate neurotransmission have been implicated in the pathophysiology of schizophrenia, as well as in symptom severity and cognitive deficits. The hippocampus, in particular, is a site of key functional and structural abnormalities in schizophrenia. Yet few studies have investigated hippocampal glutamate in antipsychotic-naïve first episode psychosis patients or in individuals at clinical high risk (CHR) of developing psychosis. Using proton magnetic resonance spectroscopy ( 1 H-MRS), we investigated glutamate metabolite levels in the left hippocampus of 25 CHR (19 antipsychotic-naïve), 16 patients with first-episode psychosis (13 antipsychotic-naïve) and 31 healthy volunteers. We also explored associations between hippocampal glutamate metabolites and glial activation, as indexed by [
INTRODUCTION
Glutamate, the principal excitatory neurotransmitter in the brain, is implicated in the pathogenesis and pathophysiology of schizophrenia [1] . The glutamate hypothesis originated in the observation that whereas dopamine agonists could induce only the positive symptoms of schizophrenia in healthy volunteers (HV), N-Methyl-D-aspartate receptor (NMDA-R) antagonists (e.g., ketamine) could also induce the negative symptoms and cognitive deficits of schizophrenia [2, 3] . The clinical findings were linked to glutamatergic neurotransmission dysfunction [4] , and subsequent studies supported a contribution of NMDA-R hypofunction to the pathogenesis of schizophrenia [5, 6] . Whereas early reports suggested NMDA-R hypofunction was a result of lower glutamate levels in schizophrenia [7] , the current prevailing hypothesis implicates excess glutamate [8] . Over the last decades, additional evidence from neuroimaging studies have supported a role for glutamate dysregulation in symptom severity and cognitive dysfunction [9] .
Hippocampal dysfunction is implicated in the pathophysiology of schizophrenia, particularly glutamatergic abnormalities of this region [10] . For instance, post-mortem studies have reported lower levels of hippocampal NMDA receptor gene expression in schizophrenia patients [11, 12] . These results are consistent with an earlier imaging study, which found a significant reduction in left hippocampal NMDA receptor expression in medication-free schizophrenia patients [13] . Moreover, studies have also shown functional and structural hippocampal abnormalities in schizophrenia [14] , with researchers consistently reporting reduced hippocampal volume in these patients [15] . Similarly, a large study reported that individuals at clinical high risk (CHR) for psychosis (n = 61) had reduced left hippocampal volumes relative to HV (n = 25) [16] . The hippocampal atrophy may be driven by glutamate hypermetabolism [17] , which has been shown to predict progression to psychosis in CHR [18] .
Proton magnetic resonance spectroscopy ( 1 H-MRS) of the hippocampus is challenging because of the region's small size and vicinity to bony structures, resulting in small voxel sizes and large susceptibility changes that compromise the signal-to-noise ratio (SNR) and spectral resolution [19] . As a result of these challenges, few 1 H-MRS studies of the hippocampus have been published. To date, studies of hippocampal glutamatergic metabolites in CHR or those at genetic high risk for psychosis have reported no significant differences relative to HV [16, [20] [21] [22] [23] . However, no studies have directly compared CHR with first-episode psychosis (FEP). Hippocampal 1 H-MRS studies comparing FEP patients with HV have reported no group differences in glutamatergic metabolites [24] [25] [26] [27] [28] , with the exception of one study that found higher glutamate plus glutamine (Glx) levels in the left medial temporal lobe in FEP [29] . However, most of these studies were done at magnetic field strengths at which glutamate and glutamine peaks significantly overlap (1.5 T), making glutamate quantification difficult [30] .
Studies comparing chronic schizophrenia patients and HV have produced mixed results, with some reporting no group differences [31] [32] [33] , some reporting higher glutamate metabolites in patients [34, 35] and others reporting lower glutamate markers in patients [12, 36] . One notable study on unmedicated chronic schizophrenia patients with a history of antipsychotic exposure observed elevated ratios of hippocampal Glx to creatine (Cr) in patients relative to HV (n = 27; [37] ). Although noted, these studies are not directly comparable to the current study given that chronic schizophrenia patients are generally older, and have a longer duration of antipsychotic treatment and illness, than FEP patients.
Neuroinflammation, particularly microglial activation [38] , may play a role in the aetiology of schizophrenia [39] . Recent preclinical and clinical studies reported that changes in glutamate metabolites are associated with excessive inflammatory responses [40] . However, no studies have investigated how alterations in glutamate metabolites relate to neuroinflammation in vivo. Because activated glia increase the expression of the 18-kDa translocator protein (TSPO), immune activation can be quantified by imaging TSPO using positron emission tomography (PET) [41] . Of the 12 studies that have investigated in vivo TSPO expression in psychosis, most studies have reported no significant differences in CHR or schizophrenia relative to HV [42] [43] [44] [45] [46] [47] [48] , while one study reported a decrease in FEP [49] , consistent with a recent metaanalysis [50] . Four studies observed an increase in schizophrenia [51] [52] [53] [54] . However, three of the four latter studies [51] [52] [53] used the prototypical TSPO radiotracer [
11 C]PK11195 with known methodological limitations including low brain penetration, high nonspecific binding and high plasma protein binding [55] ; the fourth study was limited by their use of distribution volume ratio [54] , an alternative outcome measure which is used controversially with TSPO radiotracers [56] .
Therefore, in the current study, we used 1 H-MRS to investigate hippocampal glutamate and Glx levels in FEP, CHR and HV. We used multimodal imaging with 1 
H-MRS and [
18 F]FEPPA PET to explore, for the first time, the association between hippocampal glutamate metabolites and TSPO expression. Moreover, we explored whether alterations in glutamate metabolites were associated with symptom severity and cognitive function. Based on evidence of hyperactive glutamatergic activity in the hippocampus of chronic schizophrenia patients and preclinical models, we expect to observe elevated levels of Glu and Glx in the hippocampus of CHR and FEP, and that the metabolites would be positively associated with TSPO expression.
MATERIALS AND METHODS

Participants
A total of 88 participants took part in this study, including 20 FEP, 33 CHR and 35 HV. Three FEP, 11 CHR and ten HV were also included in our previous [ 18 F]FEPPA studies [44, 45] . To be eligible, CHR subjects had to fulfil the Criteria of Prodromal Syndromes [57] . FEP patients had to have a diagnosis of schizophrenia, schizophreniform disorder, delusional disorder, or psychosis not otherwise specified, as determined with the SCID (Supplementary Table 1 ) [58] . All but two patients were within 36 months of their initial diagnosis with a primary psychotic disorder. Subjects with bipolar disorder, or concurrent DSM IV axis I disorders that better explained their psychotic symptoms, were excluded. HV were excluded if they had a history of psychiatric illness, first-degree relative with a psychotic disorder, or history of substance abuse or dependence (except nicotine or cannabis). Subjects from all groups were excluded if they met any of the following criteria: pregnancy or current breastfeeding, concomitant or severe medical illness, metal implants precluding magnetic resonance imaging (MRI).
This study was approved by the Research Ethics Board at the Centre for Addiction and Mental Health (CAMH). All participants provided informed, written consent after receiving a description of all study procedures.
Clinical assessments
In CHR, symptoms were assessed with the Structured Interview for Psychosis-risk Syndromes (SIPS), which includes the Scale of Psychosis Risk Symptoms (SOPS) [57] . In FEP, symptom severity was assessed with the Positive and Negative Syndrome Scale (PANSS) [59] . Neurocognitive performance in all groups was assessed using the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS); RBANS subscales assess immediate memory, delayed memory, attention, language and visuospatial ability [60] . Assessments are described in detail in the supplementary materials.
PET acquisition and analysis Details of PET data acquisition are described in detail elsewhere [44, 46] . Proton density-weighted brain MRI scans were obtained using a 3 T MR-750 scanner (General Electric Medical Systems). All [ 18 F]FEPPA PET scans were acquired using a high-resolution neuro-PET camera system (HRRT, Siemens Molecular Imaging, Knoxville, TN, USA) for 125 min following an intravenous bolus injection of 188.15 ± 9.5 (mean ± SD) MBq of [
18 F]FEPPA. Arterial blood samples were collected using an automatic blood sampling system (Model PBS-101, Veenstra Instruments, Joure, Netherlands) for the first 22.5 min after the radiotracer injection. Samples were collected at a rate of 2.5 ml/min and manually at −5, 2.5, 7, 12, 15, 20, 30, 45, 60, 90 and 120 min to measure radioactivity in blood and determine the relative proportion of radiolabeled metabolites. Dispersion-and metabolite-corrected plasma input function was generated as previously described [61] .
A validated in-house image analysis pipeline was used for processing images and extracting time activity-curves [62] . The hippocampus was delineated using Proton Density (PD) MRI [62] . Kinetic parameters of [ 18 F]FEPPA were derived from the timeactivity curves using the two-tissue compartment model (2TCM) and plasma input function to obtain the total distribution volume (V T ), which has been validated for [ 18 F]FEPPA quantification [61] . Subjects were classified as high-, mixed-or low-affinity binders based on the rs6971 polymorphism of the TSPO gene, which has been shown to affect [ 18 F]FEPPA binding [63, 64] . Because the low-affinity binder genotype does not allow for accurate [ 18 F] FEPPA PET quantification, subjects with this genotype were excluded from the [ 18 F]FEPPA analyses. Genotyping details are described in more detail elsewhere [63, 64] . 1 H-MRS acquisition and analysis 1 H-MRS scans were performed at the CAMH Research Imaging Centre (Toronto, Canada) using a 3 T General Electric Discovery MR750 scanner (Milwaukee, WI, USA) equipped with an 8-channel head coil. To minimise head motion, each subject was positioned at the centre of the head coil with tape strapped across the forehead and soft restraint padding around the head. T1-weighted fast spoiled gradient-echo 3-dimensional sagittal acquisition scans were acquired for each participant (FSPGR sequence, TE = 3.0 ms, TR = 6.7 ms, TI = 650 ms, flip angle = 8°, FOV = 28 cm, acquisition matrix 256 × 256 matrix, slice thickness = 0.9 mm).
Single voxel 1 H-MRS spectra were obtained using the standard GE Proton Brain Examination (PROBE) sequence with point-resolved spectroscopy (PRESS sequence, TE = 35 ms, TR = 2000 ms, number of excitations = 8, bandwidth = 5000 Hz, 4096 data points used, 256 water-suppressed, and 16 waterunsuppressed averages). The voxel was oriented along the long axis of the head of the left hippocampus (30 × 14 × 10 mm; Fig. 1) . The signal over the voxel was shimmed to achieve a linewidth of 12 Hz or less, measured from the unsuppressed water signal in the voxel.
H-MRS data processing and analysis
The water-suppressed spectra were analysed with LCModel version 6.3-0E [65] , using a standard basis set of metabolites, lipids and macromolecules listed in the supplementary material. Spectra were normalised to the unsuppressed water signal to quantify neurometabolites, which are expressed in institutional units. Metabolites with %SD values greater than 15% were excluded from analyses (Supplementary Table 2 ; [66] ). Spectra with signal-to-noise ratios (SNR) below 10 or full-width-at-halfmaximum (FWHM) above 0.10 ppm were excluded (Supplementary Table 3 ). 1 H-MRS voxel tissue heterogeneity T1-weighted MRI scans used for voxel localisation were segmented into grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) using FSL5.0 (FAST; FMRIB Analysis Group, Oxford University, UK). Voxel location, orientation and size information obtained from spectra file headers were used to generate binary masks in the same matrix as the T1-image (Gannet 2.1) [67] . Binary voxel masks were applied to the segmented T1 image in order to determine the percentage of GM, WM and CSF content within the 1 H-MRS voxel [68] . CSF-corrected metabolite concentrations (institutional units) were calculated as follows: C corrected = C uncorrected /(1-CSF), where CSF is the CSF fraction within the 1 H-MRS voxel, and C is the metabolite concentration.
Statistical analysis Analyses were performed using SPSS (version 22.0; IBM Corporation, Armonk, NY, USA), with p ≤ 0.05 two-tailed test considered significant. Demographic measures were examined for any group differences using analysis of variance (ANOVA; continuous variables) or chi-square tests (categorical variables). Glutamate metabolites between groups were compared using ANOVA, and Bonferroni correction was used to correct for multiple comparisons. Pearson correlations were used to test for associations between glutamate metabolites and clinical and cognitive measures (RBANS total score and sub-scales).
Partial correlations controlling for TSPO genotype were used to test for associations between glutamate metabolites and [
18 F] FEPPA V T .
RESULTS
H-MRS analysis
Across all subjects, the mean (±SD) SNR and FWHM were 14.2 ± 2.4 p.p.m. and 0.060 ± 0.016 p.p.m., respectively. The SNR and FWHM did not differ among groups (Supplementary Table 3 ). With mean ( ± SD) CRLB values of 7.1 ± 1.1% and 6.2 ± 1.0% for Glu and Glx, respectively, the CRLB values did not differ across groups. Moreover, voxel tissue composition (GM, WM or CSF) did not differ among groups (Supplementary Table 4 ). Sixteen participants were excluded due to either 1 H-MRS quality control criteria or other technical reasons (Supplementary Table 3 ).
Participant demographics
Demographics of the participants are presented in Table 1 . Of the 16 FEP subjects, 13 were antipsychotic-naïve, and three were taking quetiapine (two with 100 mg and one with 400 mg, equivalent to 66 mg and 337 mg of chlorpromazine [69] , respectively). CHR subjects were antipsychotic-naïve, with the exception of six subjects taking antipsychotic medications at low daily doses ( < 75 mg chlorpromazine equivalent: one with 20 mg quetiapine, one with 0.5 mg risperidone, two with 1 mg, and two with 2 mg aripiprazole).
Glutamate metabolite levels in FEP, CHR and HV We found a significant effect of group on Glx (F (2, 69) = 6.39, p = 0.003). The Bonferroni-corrected post-hoc analysis revealed that CHR had significantly lower Glx levels than both HV (p = 0.003) and FEP (p = 0.050; Fig. 2) . We also found a trend toward an effect of group on glutamate (F (2,69) = 3.03, p = 0.055). Excluding subjects using anti-psychotic medications did not change the outcome of the multivariate analysis (Glu: F (2,60) = 1.76, p = 0.18; Glx: F (2,60) = 4.56, p = 0.014; Supplementary Table 5) . Exclusion of HV that screened positive for cannabis did not produce meaningful changes to the results ( Supplementary Fig. 1 ). The outcome of the multivariate analysis was not altered by including age, sex or tobacco use as covariates (Supplementary Table 6 ). In our sample, four CHR subjects (16% of the sample) subsequently converted to psychosis after the study, and while small numbers preclude investigating associations with conversion to psychosis, we did not observe differences in Glx (F (1, 23) = 0.82, p = 0.37) or glutamate (F (1, 23) = 0.17, p = 0.68) between CHR converters (n = 4) and non-converters (n = 21).
Although not the focus of the current investigation, other standard 1 Table 7 18 F]FEPPA V T and Glu (r (6) = −0.64, p = 0.086), but not with Glx (r (6) = −0.22, p = 0.6). These correlations were not significant in CHR or HV.
H-MRS metabolites did not differ between groups (Supplementary
Correlations between glutamate metabolites, symptom severity and cognitive function In the sample as a whole (n = 70; RBANS scores were not available for two participants), cognitive function as measured by RBANS total score was not associated with glutamate metabolites (Glx: r (68) = −0.084, p = 0.49; Glu: r (68) = −0.052, p = 0.67). In CHR, RBANS visuospatial ability was significantly associated with Glx (r (23) = −0.48, p = 0.016; Supplementary Fig. 2 ). In FEP, PANSS positive and negative symptoms were not associated with glutamate metabolites. In CHR, SOPS positive and negative symptoms did not correlate with glutamate metabolites.
As correlations were exploratory, they were not corrected for multiple comparisons. The antidepressants were selective serotonin reuptake inhibitors (SSRI), selective norepinephrine reuptake inhibitors (SNRI) and bupropion b SOPS negative score was unavailable for one CHR 
DISCUSSION
Summary of results
In summary, the CHR group had significantly lower hippocampal Glx levels than both HV and FEP. Our results therefore suggest that hippocampal glutamate metabolites are altered in CHR. We also observed, in our exploratory correlations, an association in CHR between hippocampal Glx and RBANS visuospatial ability. We did not observe any significant associations between glutamate metabolites and [ 18 F]FEPPA V T , suggesting that TSPO expression may not be related to changes in hippocampal glutamate metabolites, particularly in CHR.
Glutamate metabolite levels in FEP, CHR and HV We found significant differences in hippocampal glutamate metabolites between CHR and HV. These findings are consistent with two slightly smaller studies, which reported trends toward lower glutamate levels in the left hippocampus of 24 CHR and 17 HV [20] , and 22 CHR and 14 HV [22] . Three other studies investigated hippocampal glutamatergic metabolites and found no group differences [16, 21, 23] . The discrepancy in findings may be due to differences in methodology and quality control (e.g., CRLB limit 15 vs. 35% in [16] ). Another discrepancy may pertain to the clinical populations. For example, one study investigated first-degree relatives of schizophrenia patients (not CHR), and used metabolic ratios instead of absolute metabolite concentrations [23] .
Consistent with previous studies, we found no group differences in hippocampal glutamatergic metabolites between FEP and HV [24, [26] [27] [28] 70] . Notably, with the exception of our current study and one previous study [28] , all other studies were conducted at low field strengths (1.5 T-2 T). Further strengths of the current study include a larger sample size than the only other ≥3 T study in FEP, stricter quality control criteria (CRLB < 15 vs. 35% in ref. [28] ), and CSF corrections.
No previous studies have directly compared hippocampal glutamate metabolites between CHR and FEP. As the first study to compare the two groups, we report that hippocampal Glx levels were significantly lower in CHR relative to FEP.
Our findings of lower glutamate metabolites in CHR relative to HV and FEP suggest abnormal hippocampal neurochemistry early in the illness trajectory. Contrary to the observation of hippocampal hypermetabolism in high risk subjects and FEP patients [17] , available 1 H-MRS evidence does not provide clear support of elevated tissue glutamate metabolites in the hippocampus of individuals with CHR or FEP [8] . Indeed, studies are inconsistent, with glutamate levels varying depending on the subpopulation and methodology [9] . Our findings of lower glutamate metabolites (significantly lower Glx and trending toward lower Glu) in CHR relative to HV is in agreement with a recent 7 T glutamate imaging study, which observed significantly lower glutamate levels across cortical and subcortical regions in CHR relative to HV [71] .
Correlations between glutamate metabolites and cognition and symptoms Few studies have investigated the relation between hippocampal glutamate metabolites and cognitive dysfunction, with most studies reporting no relation [9] . However, a study comparing recurrent and first-episode psychotic patients found that increased hippocampal glutamate was associated with poorer cognitive function, as measured by the Wisconsin Card Sorting Test [72] . The association may be related to hippocampal hypermetabolism leading to atrophy and perhaps cognitive dysfunction [17] . The NMDA receptor, which exists in high density in the hippocampus, and particularly in the cornu ammonus 1 (CA1) region, is highly sensitive to excitotoxicity [73, 74] ; as a result, CA1 cells are highly vulnerable to NMDA-induced apoptosis triggered by excess glutamate. Notably, in the present study, CHR participants with the highest Glx levels exhibited the poorest visuospatial performance. This preliminary result is consistent with the role of the hippocampus in tasks involving visuospatial function [75] . However, because this association is exploratory, the observations need to be replicated by studies designed and powered to test the role of hippocampal glutamate metabolites in cognitive function.
We found no association between hippocampal glutamate metabolites and clinical symptom severity in FEP or CHR. Although few 1 H-MRS studies have explored these associations in FEP, our preliminary results are consistent with a previous study in FEP (n = 9) [27] , which found no significant correlations between hippocampal glutamate levels and negative clinical symptoms. To our knowledge, no studies have investigated associations between in vivo hippocampal glutamate levels and prodromal symptoms. H-MRS signal due to the difficulty in discriminating between their partially overlapping spectra [76] , it is generally accepted that glutamate can be well quantified at 3 T [30] . Secondly, HV that used cannabis were included in this study to increase the sample size. Nevertheless, glutamate metabolite levels did not differ between users and non-users (Supplementary  Table 8 ), and the conclusions of the main analysis do not change after controlling for cannabis use (Supplementary Table 9 ) or removing cannabis users ( Supplementary Fig. 1 ); although these measures reduce power, the direction of the effect remains similar. Thirdly, the FEP group differed significantly from HV and CHR groups with respect to its smaller sample size, older mean age (~two years difference) and greater number of males. The outcome of the analysis did not change after including age or sex as covariates (Supplementary [77] .
The importance of understanding the status of glutamate signalling before psychosis onset is suggested by evidence that in rodents, elevating synaptic glutamate release recapitulated the hypermetabolism and atrophy observed in the NMDA-receptor rich hippocampal CA1 region in prodromal psychosis [73, 74] . Beyond glutamate metabolites alone, a role for excitatoryinhibitory balance in psychosis is increasingly supported by evidence from clinical and pre-clinical studies [78] . Future studies measuring both glutamate and GABA in the same individuals, as previously done in schizophrenia and CHR in other brain regions [79] [80] [81] , may lead to a better understanding of the hippocampal dysfunction observed in psychosis. The present study is the first to test differences in glutamate metabolite levels between HV, CHR and FEP within a single cohort and thus serves as a starting point for future investigations in the hippocampus, as previously tested in the striatum [68] .
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CONCLUSION
Multiple factors have been implicated in the aetiology of schizophrenia, supporting the need for multimodal imaging studies. The current study suggests that glutamate metabolites differ across groups in the psychosis spectrum. No associations were found between glutamate metabolites and TSPO expression. Future studies should investigate how glutamate metabolites are related to cognitive function, hippocampal volume and other neurochemicals.
